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CHAPTER 1: INTRODUCTION AND BACKGROUND 
1.0 Introduction 
Multilayer ceramic capacitors (MLCC) represent a multibillion dollar industry. In 
1994 alone, approximately 125 billion MLCCs were produced at a value of $3.5 billion [1]. 
They can be found in a variety of applications ranging from automobiles and PCs to the 
space shuttle. As the industry continues to grow, the demand for smaller and smaller 
MLCCs with a larger capacitance increases. In connection with this growth is the need to 
understand how the various materials in an MLCC interact with each other. 
MLCCs consist of alternating dielectric and electrode layers (Figure 1.1) [2]. Most of 
the MLCC's fired in air use barium titanate (BaTi03) as the dielectric material and a Ag/Pd 
alloy for the electrodes, although alloys of platinum and gold have been used as well [3]. In 
recent years, MLCCs utilizing base-metal electrodes have gained viability [2]. The 
capacitance of a MLCC is given by the equation [2]: 
(I.I) 
where N is the number of dielectric layers, A is the electrode surface area, Bo is the 
permittivity in a vacuum (8.854 x 10-7 F/m), K is the dielectric constant and tis the thickness 
of the dielectric layer. From Equation 1.1 it can be seen that an increase in capacitance can 
be achieved by either reducing the thickness of the dielectric layers or by increasing the total 
number of layers. Thinner layers also allow for a reduction in capacitor size, which serves to 
raise the volumetric efficiency. With current processing technology, the thickness of the 
dielectric layers is limited to around 3 µm although layers as thin as 1 µm have been reported 
[4]. However, as the layers get thinner the effects of interactions at the metal electrode-
2 
dielectric interface become increasingly significant: decreasing the lifetime of the capacitor 
and limiting the thickness allowed for the dielectric layer. Considering the large number of 
MLCCs used in the electronics industry today, the issue of silver interaction with BaTi03 and 
its impact on its dielectric properties is of great interest to capacitor manufacturers. The 
primary aim of this research will be to determine the effects of minute amounts of silver 
additives on the perovskite crystal structure, the polycrystalline microstructure, and the 
dielectric properties of Ba Ti 0 3 .. 
Figure I. I: Schematic diagram of a multilayer ceramic capacitor (taken from Moulson and Herbert 
[2]) 
1.1 Background 
1.1. 0 Multilayer Ceramic Capacitors 
The typical manufacturing process for an MLCC is summarized in Figure 1.2 [ 5]. 
First a slip is created from the dielectric powder, which is then tape-cast or wet-screened onto 
a stable carrier such as a glass plate, stainless steel belt or plastic film. The smallest possible 
amount of binder is desired in the slip so that shrinkage of the dielectric upon firing is at a 
minimum thus allowing better control of the final overall dimensions. As soon as the 
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dielectric layer has reached the preferred thickness, it is dried, and the electrode layer, 
consisting of a metal ink (metal powder suspended in an organic vehicle), is screen-printed 
onto the dielectric sheet. These sheets are then stacked and laminated into one piece by 
applying pressure at temperatures from 40 to 80°C. Several MLCCs are printed onto one 
large sheet that must be separated into individual devices before firing. The most common 
method for this operation is razor cutting. The next step in the manufacturing process is 
binder burnout and co-firing of the MLCC. Firing temperatures range from 900 to 1300°C 
depending on the powder composition [ 6]. The final step is the application of the external 
electrodes. A metal ink consisting of an Ag/Pd metal alloy, glass frit and binder is applied to 
the exposed internal electrodes. Electrical contacts are then soldered to the terminal 
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Figure 1.2: Manufacturing process for multilayer ceramic capacitors (taken from Adair, et al. [5]) 
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1.1.1 Structure and Dielectric Properties of Barium Titanate 
BaTiO3 is one of the most common materials used in multilayer ceramic capacitors 
because of its large dielectric constant at room temperature (K ~ 2000). This high dielectric 
constant is due to the ferroelectric nature of the perovskite crystal structure of Ba Ti 0 3. As 
shown in Figure 1.3, the barium atoms are situated at the comers of the unit cell in 12-fold 
coordination while the titanium atom is located in the center in 6-fold coordination [2]. The 
oxygen atoms are located in the faces of the unit cell. As can be seen from the phase diagram 
in Figure 1.4, BaTiO3 is essentially a line compound with little tolerance for both excess BaO 
and TiO2 [7-9]. 
C 
•o• 
Ba O Ti 
Figure 1.3: Unit cell of BaTiO3 (taken from Moulson and Herbert [2]) 
Above 130°C, its Curie temperature (Tc), BaTiO3 has a cubic crystal structure (m3m) 
and is in a paraelectric state. However, below Tc BaTiO3 has a tetragonal crystal structure 
( 4mm) in which the Ba2+, Ti4+ and 0 2- ions are displaced along the c axis with the 
displacement of the 0 2- ions in an antiparallel direction to the other ions. The result is a 
spontaneous polarization (Ps) of the material of approximately 20 µC/cm2 [2]. 
In addition to the ferroelectric transition, there are two other phase transitions at lower 
temperatures. The transition from a tetragonal to orthorhombic structure occurs at 0°C and 
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Figure 1.4: Phase equilibrium diagram for the system ofBaO-Ti02 (taken from Rase and Roy [7]) 
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each of these phase transitions but is greatest at the tetragonal-cubic transition temperature 
(Figure 1.5) [2]. This dramatic increase of K at a phase transition is primarily due to the 
lattice potential becoming less stable or "softening" allowing the Ti4+ ions greater freedom of 
movement. The result is an enhancement of the amount of polarization that can be 
experienced by the material [6]. 
The ferroelectric phase transition is usually a 1st order transition but a 2nd order 
transition is also possible [10]. The primary distinction between the two types is the 
temperature dependence of Ps in the vicinity of Tc (Figure 1.6). For 1st order ferroelectrics, 
there is an instantaneous jump in Ps at Tc caused by a volume change (and hence an enthalpy 
change). In 2nd order ferroelectrics, P s increases gradually at Tc. The order of the transition 
is mainly influenced by the amount of stress experienced by the material and a switch from 
6 
one type to another has occurred through a decrease in grain size, doping of the material or 
application of an external stress. 
As seen in Figure 1.5, the dielectric constant is highly temperature dependent. For 





where C is the Curie constant and Be the Curie-Weiss temperature, which is close to but 
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Figure 1.5: Dielectric constant along the a and c axis as a of function temperature for BaTiO3 (taken 




Figure 1.6: Sponstanious polarization as a function of temperature for (a) 1st order transition and a 
(b) 2nd order transition 
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1.1.2 Effect of Dopants on Barium Titanate 
An attractive aspect of BaTiO3 as a MLCC material is that its dielectric properties can 
easily be controlled through the doping of ions into the perovskite structure some of which 
are listed in Table 1.1. Substitution is primarily controlled by the ionic radii of the doping 
ions, the dopant's valance state and the coordination of the occupation site. According to a 
study conducted by Roy [14] on the perovskite crystal structure, the A site can accommodate 
ions ranging roughly from 1.00 to 1.40 A and the B site from 0.45 to 0.75 A. Recently it has 
been discovered that, for certain rare earth elements, the Ba:Ti ratio and the oxygen partial 
pressure also factor in which site a doping ion occupies [ 15-19]. When introduced into 
BaTiO3 dopants, in general, reduce the tetragonality of the perovskite structure (Figure 1.7) 
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Figure 1.7: The c/a ratio of 1 mol% doped BaTiO3 as a function of dopant ionic radius annealed for 
14 hours at 950°C (0) and 1350°C (~). The points corresponding to undoped BaTiO3 were placed on 
the vertical axis as a reference (taken from Buscaglia, et al. [16]). 
T bl 1 1 C a e ommon d t opan s an eu app 1ca ions d th . r f 
Ion Occupied Ionic Solubility Common Capacitor Applications Radiust Limit Site (A) (mol %) 
PbL+ Ba 1.33 (1.63) 100 shift Tc 
Sr2+ Ba 1.32 (1.58) 100 shift Tc 
Ca2+ Ba/Ti* 1.14 (1.48) Ba: 18 donor compensation Ti: 2 shift Tc 
ZnL+ Ti 0.88 2 donor compensation 
Mg2+ Ti* 0.86 ----- donor compensation 
Ni2+ Ti 0.83 2 control grain growth donor compensation 
reduce resistivity 
La3+ Ba 1.17 (1.50) IO control grain growth 
improve breakdown resistance 
Pr3+ Ba 1.13 (1.46) ----- reduce resistivity control grain growth 
Nd3+ Ba 1.12 (1.41) 5t reduce resistivity control grain growth 
Sm3+ Ba/Ti 1.10 (1.38) ----- reduce resistivity control grain growth 
Gd5+ Ba/Ti 1.08 (1.41) 3+ reduce resistivity 
reduce resistivity 
Dy3+ Ba/Ti 1.05 (1.38) ----- control grain growth 
improve breakdown resistance 
y3+ Ba/Ti 1.04 Ba: 1.5 reduce resistivity Ti: 12 improve breakdown resistance 
Ho3+ Ba/Ti 1.04 (1.37) ----- reduce resistivity improve breakdown resistance 
Er3+ Ba/Ti 1.03 (1.36) ----- reduce resistivity improve breakdown resistance 
Yb3+ Ti 1.01 6t donor compensation, shift Tc 
Ga3+ Ti 0.76 2 donor compensation shift Tc 
cr3+ Ti 0.76 2 donor compensation, shift Tc 
Fe3+ Ti 0.69 1.25 donor compensation, shift Tc 
Co3+ Ti 0.69 2 donor compensation, shift Tc 
Zr4+ Ti 0.86 100 control grain growth, shift Tc 
Sn4+ Ti 0.83 IO control grain growth, shift Tc 
Mn4+ Ti 0.67 2 donor compensation, reduces tan o 
Nb5+ Ti 0.82 5 reduce resistivity control grain growth 
Sb5+ Ti 0.74 10 reduce resistivity 
* substitutes on Ti site only ifBa:Ti > I 
t radii in parentheses are for 12-fold coordination, all others for 6-fold coordination [29, 30] 
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Shifting Tc and reducing the temperature dependence of the dielectric constant are 
some of the key functions of dopants in BaTiO3. For many capacitor applications it is 
desirable that Tc be as close to room temperature as possible for optimum performance. In 
addition, most devices are required to perform over a range of temperatures, and therefore the 
dielectric constant must remain uniform over this range. There are numerous dopants that 
have an effect on Tc, but the ones commonly used for this purpose are isovalent ions that 
form a solid solution with BaTiO3 over a wide range of compositions (Sr, Pb, Zr, Ca, Sn) 
thus allowing Tc to be tailored for specific applications (Figure 1.8) [2]. The effects of 
various ions frequently are divided into two categories: shifters and pinchers. Shifter ions 
like Ca2+ and Pb2+ displace the entire transition-temperature curve to higher or lower 
temperatures. Pincher ions like Zr4+ and Sn4+ shift the tetragonal transition to lower 
temperatures while raising the orthorhombic and rhombohedral transitions to higher 
temperatures, thereby "pinching" the transitions together [6]. 
300 .----r--r-----ir----r--.-----,,----, 
Substituent cation/% 
Figure 1.8: Transition temperature versus concentration of isovalent substituents in BaTiO3 (taken 
from Moulson and Herbert [2]) 
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In order to broaden the temperature range of the high dielectric response, a 
combination of dopants and liquid phase sintering techniques are used to develop a core-shell 
microstructure, which, as shown in Figure 1.9, consists of a pure BaTiO3 core surrounded by 
a highly doped shell [31-37]. Small amounts of flux are added to the BaTiO3 powder to 
create a liquid phase during firing. As the liquid phase forms, it begins to dissolve the pure 
BaTiO3 grains. Yet because only a small amount of flux is used, the BaTiO3 grains remain 
mainly undissolved creating the pure BaTiO3 core. The liquid phase melt quickly becomes 
saturated with BaTiO3, and the solution-precipitation process begins. During this process, 
small grains are dissolved due to their higher chemical potential [38]. The melt then 
reprecipitates epitaxially onto the larger grains, which have a lower chemical potential. 
Because the melt mainly consists of modifiers, this forms a highly doped shell around the 
core. As the shell grows, progressively more dopants are incorporated creating a 
concentration gradient. Limited diffusion of the dopants keeps them trapped with the end 
result being a ferroelectric core encircled by a non-ferroelectric shell [32, 38]. The final 
dielectric-temperature behavior then becomes the sum of the core and shell profiles resulting 
in a relatively temperature independent dielectric response. 
Besides controlling Tc, dopants can be used to modify the electronic properties of 
BaTiO3. Less than 0.5 mol% of donor ions like La3+ or Nb5+ will yield a semiconducting 
oxide used for positive coefficient of resistivity (PTCR) applications. However, at higher 
dopant concentrations the insulating properties are restored with an improved resistance to 
dielectric breakdown due to a combination of grain size reduction and compensation of 
oxygen vacancies [2, 16]. Many rare-earth elements are also added to enhance degradation 
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highly doped BaTiO3 
X 
Figure 1.9: Schematic of core-shell structure in BaTiO3 detailing the Curie temperature as a function 
of distance through the grain 
resistance in MLCCs. These dopants are unique in that their behavior is partially determined 
by the Ba:Ti ratio. For example, y 3+ behaves as an acceptor substituting on the Ti site when 
Ba:Ti > 1 and as a donor substituting on the Ba site when Ba:Ti < 1. When Ba:Ti = 1, y 3+ 
can be found on both sites providing self-compensation [16, 17]. Acceptor ions such as 
ca2+, Cr3+ and Fe3+ are often added to balance electronic charge carriers formed when 
BaTiO3 is fired under reducing conditions. This has allowed the introduction of base-metal 
electrodes (i.e. Ni) to MLCC manufacture. Another frequent addition is Mn4+ due to its 
effectiveness in reducing the dissipation factor [2]. 
Finally, dopants are used to control the grain size, which has a substantial effect on 
the dielectric constant of BaTiO3. As the grain size decreases, the dielectric constant 
increases (Figure 1.10) due to a rise in the number of 90° domains [39, 40]. When the grains 
are large, the residual stress caused by the transition from the cubic to tetragonal phase is 
relieved by the formation of both 90° and 180° ferroelectric domains. However, as the grain 
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size approaches 1 µm, fewer domains can be formed in each grain and the 180° domains 
disappear. Below 1 µm, the dielectric constant again decreases. A number of theories have 
been proposed to explain this phenomenon. One states that the high stress experienced in 
fine grain structures forces BaTiO3 to remain in a "pseudocubic" phase [40]. Another theory 
put forward by Frey, et al. [39] asserts that the dilution effect of the low K grain boundaries 
becomes an increasingly important factor. In general, small grains are desired and many 
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Figure 1. 10: The effect of grain size on the dielectric constant ofBaTiO3 (taken from Arlt, Hennings 
and de With [ 40]) 
1.1.3 Electrode Materials 
Because the electrodes are responsible for the bulk of the overall cost (30-60%) of 
manufacturing MLCCs, there is a great drive to reduce the amount of noble metals used in 
the internal electrodes [6]. Most electrodes are made of an Ag/Pd alloy, which creates a solid 
13 
solution over a large temperature range. As can be seen in the phase diagram in Figure 1.11, 
the higher the firing temperature the larger the amount of palladium needed in order to keep 
the electrodes from melting during cofiring of the MLCC with the most common 
compositions being a 70Ag/30Pd alloy for low fire dielectrics and 30Ag/70Pd for high fire. 
Typically additives are required to lower the sintering temperature of the BaTiO3 to allow for 
electrode compositions with lower palladium content to be used. Fluxes consisting of BizO3, 
PbO, ZnO and B2O3 are commonly used for ultra low fire powders (sintering temperature~ 
900°C) [1, 37]. 
Atomic Percent Palladium 
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Figure 1.11: Phase diagram for Ag-Pd system (taken from Binary Alloy Phase Diagrams 
[41]) 
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CHAPTER 2: LITERATURE REVIEW 
2.0 Silver Effects on Barium Titanate 
The effect of silver on the sintering and dielectric behavior has not been investigated 
extensively. However, some studies have been conducted, most notably those of Chen and 
Tuan [ 42, 43]. They observed that small amounts of silver promoted the growth of abnormal 
grains, serving as starting points for heterogeneous nucleation. This behavior reaches its 
peak at 0.3 wt% Ag as seen in Figure 2.1. Above 0.3 wt%, the increasing size and number of 
silver inclusions impedes the grain growth process. Similar effects have been noted in lead 
zirconate-titanate (PZT) [44]. Measurements of the dielectric constant showed a marked 
decrease due to the grain size effect. On the other hand, no change was observed in the 
lattice parameters and Tc. The densification rate decreased slightly upon the addition of 
silver. Also, Chen and Tuan noted that silver migration mainly occurred through vapor phase 
transport along the open pore structure, another phenomenon observed in PZT [ 44-51]. From 
EPMA measurements, the authors determined that the solid solubility of silver in BaTiO3 
was less than 300 ppm, the detection limit of their equipment. 
An earlier study conducted by Ikushima and Hayakawa [52] observed that silver 
doped BaTiO3 fired in a nitrogen atmosphere behaved as an n-type semiconductor with the 
resistivity decreasing with increasing silver content. They also saw no change in the lattice 
parameters of BaTiO3 but did detect a decrease in Tc with rising silver concentration (Figure 
2.2). Another analysis performed by Halder, et al. [53] on Z5U BaTiO3 noted that the 
dielectric constant increased with increasing amounts of silver, peaking at 0.2 wt% Ag. This 
was attributed to a higher density for the sintered body. Another contribution was credited to 
15 
the dispersion of conducting particles in a dielectric matrix, which, in small amounts, would 
contribute to the dielectric constant by reducing the effective electrode distance. A steady 
decrease in the dissipation factor (tan o) was observed as the silver content increased. 
Measurements of the temperature coefficient of capacitance (TCC) showed no change, 
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Figure 2.2: Curie point of nitrogen-fired BaTiO3 measured by differential thermal analysis as a 
function of silver content (taken from lkushima and Hayakawa [52]) 
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T bl 2 1 S a e .. ummaryo s 1es con uc e on ee ec so s1 ver on d t d th ffi t f ·1 B TO a 1 3 
Author Material Sintering Observations Atmosphere 
1. maximum in grain size at 0.3 wt% Ag 
2. no change in Tc 
Chen 3. no change in lattice parameters 
and Tuan BaTiO3 air 4. densification rate decreases 5. K decreases 
6. silver migrates by vapor transport through pore channels 
7. silver solubility < 300 ppm 
Ikushima 1. Tc decreases 
and BaTiO3 N2 2. no change in lattice parameters 
Hayakawa 3. resistivity decreases 
1. maximum in Kat 0.2 wt% Ag 
Halder, Z5U 2. maximum in density at 0.1 wt% Ag 
et al. BaTiO3 air 3. no change in the temperature coefficient of capacitance 
4. tan 5 decreases 
2.1 Defect Chemistry of Barium Titanate 
The defect chemistry of BaTiO3 is a complex area that has been the subject of a 
considerable amount of research [54-60]. The primary defects in BaTiO3 consist of barium, 
titanium and oxygen vacancies. Interstitial defects are energetically unfavorable due to the 
tight packing of the perovskite structure, and no evidence of them has been found [61]. From 
the diffusion activation energies of these defects listed in Table 2.2, it can be seen that 
oxygen vacancies are the most mobile species [62]. The migration of oxygen vacancies is 
believed to be the cause of insulation resistance degradation in Ni-based MLCCs [63]. 
Table 2.2: Activation ener of defect diffusion in BaTiO3 62 
Vacancy Theoretical Activation Experimental Activation 
Ener Ener eV 
VBa 3.45 2.76 
vo·· 0.62 0.45-0.68 
17 
Because interstitial defects are unfavorable, the Schottky disorder is preferred for 
intrinsic defects [ 54]: 
(2.1) 
Depending on the principle mechanism used to compensate these defects, the defect state of 
BaTiO3 can be broken down into several regimes: reducing, oxidizing and intermediate. 
These mechanisms are illustrated in Figure 2.4. 
log[] 
- - n p 




Figure 2.4: Kroger-Vink diagram illustrating the defect mechanisms ofBaTiO3 
Several models have been proposed to explain the defect behavior of BaTiO3, and a 
general review can be found in Reference 5 5. Most models agree on the mechanism for the 
very low P02 regime in which electrons are generated to compensate for oxygen vacancies 
giving rise ton-type semiconducting behavior: 
(2.2) 
with the electroneutrality expression: 
(2.3) 
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The mechanisms in the oxidizing and intermediate regime are not as easy to isolate. 
For the high P02 regime, the probable intrinsic reactions possess extremely high enthalpies 
[54]. This disagrees with the existing data, which shows that conductivity is less dependent 
on temperature in the high Po2 regime then the low Po2 regime. In other words, BaTiO3 
should be easier to oxidize than to reduce. One explanation is an extrinsic reaction in which 
defects ( oxygen vacancies) are consumed rather than created: 
(2.4) 
The extrinsic oxygen vacancies are believed to form in order to compensate for acceptor 
impurities that occur even in pure BaTiO3. The complete reaction for an acceptor ion (A) 
substituting for Ba2+ under oxidizing conditions would be: 
A 2O + 2TiO2 + ½ 0 2 2A~a + 2TiTi + 600 + 2h • (2.5) 
with electroneutrality expression: 
(2.6) 
Data for the oxidizing regime is limited due to the instability of BaTiO3 at high P02. 
The intermediate regime is also believed to be due to extrinsic effects in which 
oxygen vacancies are compensated by acceptor dopants. Again, for an acceptor ion 
substituting for Ba2+, the reaction would be: 
AzO + 2TiO2 2A~a + 2TiTi + 500 + v~· (2.7) 
with electroneutrality expression: 
(2.8) 














Figure 2.5: The equilibrium electrical conductivity of undoped BaTiO3 as a function of oxygen 
partial pressure and temperature (taken from Smyth [54]) 
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In order to determine where silver will enter the perovskite structure it is important to 
examine the ionic radii {Table 2.3). As the radius of Ag+ is much larger than the radius of 
Ti4+, it is expected that Ag+ will substitute for Ba2+. However, studies conducted on the 
introduction of Ca2+ into the BaTiO3 lattice have shown that Ca2+ will replace Ti4+ when 
Ba:Ti >1 [15, 21, 64]. 
Table 2.3: Ionic radii of Ba, Ag, Ti and Ca ions29 





*radii in parentheses are for 12-fold coordination, all others for 6-fold coordination 
Assuming Ag+ substitutes for Ba2+, it would behave as an acceptor dopant and 
produce oxygen vacancies at intermediate oxygen partial pressures: 
Ag2O + 2TiO2 2Ag~a + 2TiTi + 500 + v~· (2.9) 





3.0 Material Preparation 
Powders were made with the compositions shown in Table 3.1. The BaTiO3 source 
material was donated by Ferro Co. (Lot # 992050) with the chemical composition and 
properties shown in Table 3.2. The source material for silver was AgNO3 (Fisher Scientific, 
Lot # 007139) and for BaO was BaCO3 (Fisher Scientific, Lot # 934559A). TiO2 from 
Fisher Scientific (Lot #973995) was used for the excess TiO2• 
T bl 3 1 C a e .. ompos1t1ona matnx o prepare pow ers f d d 
BaTiO3 BaTiO3+ BaTiO3+ BaTiO3+ 0.06 mol¾Ag 0.1 mol¾Ag 0.3 mol¾Ag 
BaTiO3+ BaTiO3+ BaTiO3+ BaTiO3+ 0.5 mol¾ BaO + 0.5 mol¾ BaO + 0.5 mol¾ BaO + 0.5 mol¾ BaO 0.06 mol¾Ag 0.1 mol¾Ag 0.3 mol¾Ag 
BaTiO3+ BaTiO3+ BaTiO3+ BaTiO3+ 
0.5 mol¾ TiO2 0.5 mol¾ TiO2 + 0.5 mol¾ TiO2 + 0.5 mol¾ TiO2 + 0.06 mol¾Ag 0.1 mol¾Ag 0.3 mol¾Ag 
The powders were made in 50 g batches to ensure that a manageable amount of silver 
was present. First, the BaTiO3 was calcined in air at 1100°C for four hours in an ATS box 
furnace (series 3150). For the excess BaO and TiO2 compositions, the powders were milled 
in ethanol for five hours on an ASAP vibratory mill with zirconia media prior to calcination. 
Upon completion of calcination, the AgNO3 was added, and the powders were again milled 
for five hours on a vibratory mill. 
To make pellets, approximately 8 wt% acetone-based binder was added to the 
powder. The powder was sieved with a #50 mesh and pressed into pellets in a 0.5 inch 
stainless steel die with a Carver hydraulic press at 2000 and then 3000 psi. The pellets were 
placed on an alumina plate covered with zirconia powder and fired in a Carbolite tube 
22 
furnace in flowing air. Binder burnout occurred at 500°C for two hours and sintering at 
1400°C for two hours with a ramp rate of 3°C per minute. Density of the pellets was 
determined by Archimedes measurements with water as the immersion medium. 
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3.1 Property Measurements 
3.1.0 Capacitance Measurements 
rties ofBaTiO3 as determined by manufacturer 
To prepare the pellets for capacitance measurements, the surface was given a rough 
polish with 320 grit sandpaper in order to remove any surface contamination. Gold 
electrodes were sputtered onto the pellets with an Edwards Scancoat Six sputter coater. A 
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dab of SPI Supplies flash-dry silver paint was placed on top of the electrodes to ensure a 












Figure 3 .1: Schematic of conductivity cell used to measure capacitance at high temperatures 
Capacitance and tan o measurements were carried out using the conductivity cell 
shown in Figure 3.1 and a Keithley 3330 LCZ meter. Several pellets of each composition 
were measured at room temperature at low frequencies (0.12, 1, 10 and 100 kHz) to obtain an 
average value for each frequency. For the high temperature measurements only the densest 
pellet of each group was measured. Measurements took place in a Delta Design 9023 
temperature chamber starting at 150°C and ending around room temperature. The 
temperature was measured with an Omega HH12 meter using a type K thermocouple placed 
near the sample. The capacitance was used to calculate the dielectric constant. The Curie 
constant (C) and the Curie-Weiss temperature (Be) were determined by the Curie-Weiss law 
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from a graph of K-1 vs. temperature. The data obtained at 10 kHz was used for this purpose 
due to a greater stability in the readings at this frequency. 
3.1.1 Lattice Parameter Measurements 
Lattice parameter measurements were carried out at room temperature in a Scintag 
XGEN-4000 x-ray diffractometer (XRD). Sintered pellets were ground to powder and mixed 
with Strem Chemicals 99.9% pure tungsten powder (Lot# B6808040) at a ratio of 1 :5 to act 
as a standard. Select peaks shown in Figure 3.2 were scanned using CuKa radiation in the 
range of 38° - 143° with a step of 0.02° and scan time of 15 seconds per step. Lattice 
parameters were determined by Cohen's least squares method [65]. The following 
relationship was used for a tetragonal system: 
where o is the drift constant. Peaks were located using the peak-finder utility in the program 
WinPLOTR [66]. 
3.1.2 Grain Size Measurements 
Samples were thermally etched at 1300°C for two hours in a Lindberg box furnace in 
order to delineate the grain structure. Several micrographs were taken of each sample by a 
Hitachi S-2460N scanning electron microscope (SEM) to provide a good statistical basis. 
The average intercept length was determined using the circle intercept method outlined by 
ASTM [67]. From this the average grain size was determined using the equation: 
Gav= klav (3.2) 
25 
where Gav is the average gram size, lav is the average intercept length and k is a 
proportionality constant [68]. For tetrakaidecahedral grains, a model commonly chosen to 
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Figure 3.2: Line diffraction pattern of BaTiO3 and W indicating peaks selected for lattice parameter 
determination 
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CHAPTER 4: RESULTS 
4.0 Electronic Properties 
The room temperature dielectric constant (Krm) and dissipation factor (tan <>rm) for 
stoichiometric BaTiO3 demonstrated little change as silver content increases (Figures 4.1 and 
4.2). In addition, there was no noticeable variation in Tc (Table 4.1 ), which agrees with the 
results obtained by Chen and Tuan [43]. The Curie-Weiss temperature remained fairly 
constant as well until 0.3 mol¾ Ag when it decreased (Figure 4.3). This coincided with a 
decrease in Kmax (Table 4.1 ), which remained relatively stable at lower silver concentrations. 
Of note is the larger spread ofK as a function of frequency above Tc as seen in Figure A.7 in 
Appendix A (all temperature scans for K and tan o can be found in Appendix A). This 
signifies an increase in the space charge effect. Space charge polarization is indicative of 
mobile charge carriers, in this case induced by high silver concentrations. Its presence is 
most felt at low frequencies due to the comparatively long diffusion times of the charge 
carriers. Another sign of the rise in the space charge polarization was observed in the higher 
tan o values just above Tc for 0.3 mol¾ Ag compared to those of lower silver content 
(Figures A.2, A.4, A.6 and A.8 in Appendix A). This was especially highlighted for the low 
0.12 kHz frequency. 
In contrast, the dielectric properties of the excess TiO2 and BaO compositions 
displayed a greater sensitivity to the presence of silver. The excess BaO compositions 
demonstrated a minimum in Krm at 0.01 mol¾ Ag while for excess TiO2 the minimum 
occured at 0.06 mol¾ Ag. An increase in tan Orm was seen for the excess TiO2. However, 
tan <>rm for the excess BaO decreased slightly at 0.06 mol¾ Ag and then remained constant. 
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Furthermore, as with the stoichiometric BaTiO3, the spread of K over the different 
frequencies was larger for the excess TiO2 composition with the 0.3 mol% Ag addition 
(Figure A.15 in Appendix A). Again, this was accompanied by a larger tan o above Tc 
(Figure A.16 in Appendix A). Conversely, this phenomenon was not present in the excess 
BaO (Figures A.23 and A.24 in Appendix A). A minor decrease in Tc was observed for 
excess TiO2 at 0.06 mol% Ag after which no change was seen. For excess BaO, both Tc and 
0 c remained constant. 
As seen in Figure 4.4, the Curie constant decreased for all compositions until it 
reached a minimum at 0.1 mol% Ag. The order of magnitude is in agreement with 
previously reported results [11, 12, 39, 69]. 
Table 4.1: Results of capacitance measurements of BaTiO3 as a function of composition• 
BaTiO3 
mol¾Ag T/ 0c (OC) (OC) 
0 125 109 
0.06 125 110 
0.1 124 110 
0.3 124 104 
BaTiO3 + 0.5 mol% TiO2 
0 125 106 
0.06 123 106 
0.1 123 109 
0.3 123 103 
BaTiO3 + 0.5 mol% BaO 
0 124 110 
0.06 123 109 
0.1 124 111 
0.3 123 109 
" reported data collected at 10 kHz 
t error from instrument ± 1 °C 
C 
Krm 
Kmax tan Orm (°C X 105) (x 103) 
1.53 1400 ± 70 9.56 0.0099 ± 0.0005 
1.50 1450 ± 70 10.0 0.0114 ± 0.0004 
1.48 1490 ± 70 10.1 0.013 ± 0.001 
1.63 1450 ± 60 7.97 0.009 ± 0.002 
1.55 1540 ± 60 7.98 0.009 ± 0.001 
1.40 1280 ± 30 8.31 0.0166 ± 0.0007 
1.37 1380 ± 20 9.13 0.019 ± 0.004 
1.46 1320 ± 30 7.35 0.0145 ± 0.0005 
1.65 1680 ± 10 10.9 0.0136 ± 0.0006 
1.46 1500 ± 50 9.46 0.0110 ± 0.0003 
1.41 1400 ± 50 10.4 0.0111 ± 0.0004 
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Figure 4.1: Knn as a function of silver concentration for BaTiO3 (e), BaTiO3 + 0.5 mol% BaO ('v) 
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Figure 4.2: tan Onn as a function of silver concentration for BaTiO3 (e), BaTiO3 + 0.5 mol% BaO 
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Figure 4.3: Be as a function of silver concentration for BaTiO3 (e), BaTiO3 + 0.5 mol% BaO ('V) 
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Figure 4.4: Casa function of silver concentration for BaTiO3 (e), BaTiO3 + 0.5 mol% BaO (V) and 
BaTiO3 + 0.5 mol% TiO2 at 10 kHz 
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4.1 Lattice Parameters 
For the stoichiometric composition, no change was observed in the lattice parameters as 
silver concentration increased (Figures 4.5 and 4.6). This was not found to be true for the 
excess compositions. For the excess TiO2 composition, a increased and c decreased at 0.06 
mol% Ag. This lowered the c/a ratio, as seen in Figure 4. 7, indicating that the material was 
less tetragonal. The decrease in the c/a ratio coincided with an increase in the unit cell 
volume (V) as seen in Figure 4.8. Above 0.06 mol% Ag, the lattice parameters stabilized. 
The opposite behavior was observed for the excess BaO compositions; a decreased and 
c increased at 0.06 mol% Ag. This increased the c/a ratio indicating the material was more 
tetragonal. At the same time, there was a decrease in V. Again the lattice parameters 
stabilized above 0.06 mol% Ag except for a, which increased at 0.3 mol% Ag. 
The standard deviation obtained from the tungsten standard was 0.0002 A. All drift 
constants (o) were on the order of 10-5_ XRD scans are compiled in Appendix B. 
Table 4.2: Results oflattice parameter measurements of BaTiO3 as a function of composition 
BaTiO3 
mol%Ag a C 0 c/a V <Al <Al (xl0-5) <A3) 
0 3.9938 4.0354 -5.79 1.0104 64.365 
0.06 3.9937 4.0352 -7.36 1.0104 64.362 
0.1 3.9939 4.0354 -7.08 1.0104 64.371 
0.3 3.9941 4.0351 -4.28 1.0103 64.372 
BaTiO3 + 0.5 molo/o TIO2 ,, 
0 3.9942 4.0359 -6.55 1.0104 64.386 
0.06 3.9949 4.0350 -5.65 1.0100 64.396 
0.1 3.9949 4.0351 -5.89 1.0101 64.397 
0.3 3.9949 4.0349 -7.54 1.0100 64.395 
BaTiO3 + 0.5 molo/o BaO 
0 3.9960 4.0345 -4.15 1.0096 64.421 
0.06 3.9944 4.0352 -4.95 1.0102 64.382 
0.1 3.9944 4.0351 -2.55 1.0102 64.380 
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Figure 4.5: Lattice parameter, a, as a function of silver concentration for BaTiO3 (e), BaTiO3 + 0.5 
mol¾ BaO (V) and BaTiO3 + 0.5 mol¾ TiO2 
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Figure 4.6: Lattice parameter, c, as a function of silver concentration for BaTiO3 (e), BaTiO3 + 0.5 
mol¾ BaO (V) and BaTiO3 + 0.5 mol¾ TiO2 
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Figure 4.7: c/a as a function of silver concentration for BaTiO3 (e), BaTiO3 + 0.5 mol% BaO ('v) 
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Figure 4.8: Vas a function of silver concentration for BaTiO3 (e), BaTiO3 + 0.5 mol% BaO ('v) and 
BaTiO3 + 0.5 mol% TiO2 
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4.2 Microstructure 
All samples were tan in color. Large grains could be seen on the surface of the BaTiO3 
+ 0.5 mol% TiO2 sample. Fracturing the pellets revealed a discoloration in the center of the 
pellets for the 0.3 mol% Ag samples (Figure 4.9). The discoloration was surrounded by the 
lighter tan color and gave the appearance of a depletion zone yet electron dispersive 
spectrometry (EDS) detected no significant change in composition between the dark center 
and lighter outer layer. Due to the small amount of silver used, this is not surprising. The 
discoloration was more diffuse in the excess TiO2 sample compared to the other 
compositions. 
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Figure 4.9: Fracture surface of pellets containing 0.3 mo!% Ag for (a) BaTiO3, (b) BaTiO3 + 0.5 
mol% TiO2 (c) and BaTiO3 + 0.5 mol% BaO 
Chemical analysis of the pellets was conducted to determine the silver content using 
inductively coupled plasma (ICP) methods. It was largely unsuccessful due to an inability to 
completely dissolve the samples . However, no silver was detected in the material that did go 
into solution. X-ray fluorescence (XRF) was also used to determine the silver content of the 
pellets. Again, no trace of silver was detected with the detector limit being 30 ppm. This 
presents two possibilities. The first is that the silver completely volatized during firing. A 
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not unreasonable supposition considering the high firing temperature (1400°C) compared to 
the inherent volatility and low melting temperature of silver (960°C). The second possibility 
is that the silver is present in concentrations below 30 ppm. The space charge effect apparent 
in the 0.3 mol% Ag samples would indicate that some silver is present in these samples at 
least and could be the source of the observed discoloration. 
From Figure 4.10 it can be seen that the presence of silver played a significant role on 
the grain size of BaTiO3. Stoichiometric BaTiO3 showed little variation in grain size except 
for a sudden drop at 0.06 mol% Ag after which it returned to its former size (Figures 4.11-
15). Occasional clusters of small grains were observed for the 0.06 mol% Ag sample (Figure 
4.14). Also of note was that the grain boundaries were more disticint in the samples that 
contained silver indicating the presence of a secondary phase, probably silver, along the grain 
boundaries during sintering. BaTiO3 with excess TiO2 experienced a dramatic decrease in 
grain size at 0.06 mol% Ag and then stabilized (Figures 4.16-19). The opposite behavior was 
observed for excess BaO with grain size increasing at 0.06 mol% Ag after which it remained 
constant (Figures 4.20-4.23). 
As seen in Figure 4.16 the excess TiO2 sample with no silver additions displayed the 
formation of extremely large abnormal grains. Such large grains have been previously 
reported [70, 71] and are partially attributed to the presence of a liquid phase. The excess 
TiO2 forms a secondary phase (B8.6Ti11O40) that develops a eutectic liquid with BaTiO3 at 
1332°C, well below the sintering temperature of 1400°C [72, 73]. The promotion of sintering 
also accounts for the higher density of the sample compared to the other compositions 
(Figure 4.11 ). Upon the addition of silver these large grains completely disappeared (Figure 
4.17). This was accompanied by a reduction in the density. 
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Very small grains, on the order of a few microns, were dispersed throughout the BaTi03 
+ 0.5 mol% BaO sample (Figure 4.21). Former studies have noted that BaO acts as a grain 
size refiner [70, 74]. Large porous cavities were also apparent and explain the lower density 
of the sample. At higher silver concentrations the small grains are no longer evident (Figures 
4.22-24). The porous cavities disappeared with the addition of silver as well. This was 
attended by an increase in density. 
Table 4.3: Results of grain size and density measurements of BaTiO3 as a function of composition 
BaTiO3 
mol%Ag Gav 95%CI %RA p % dense (µm) (µm) fa/cm3} 
0 54±4 3.58 6.7 5.73 ± 0.04 95.3 
0.06 33 ±4 2.92 8.8 5.77 ± 0.04 96.0 
0.1 53 ± 3 2.40 4.5 5.75 ± 0.03 95.6 
0.3 52 ±2 1.42 2.7 5.71 ± 0.04 95.0 
BaTiO3 + 0.5 molo/o TiO2 
o· 65 ±2 1.49 2.3 5.80 ± 0.02 96.5 
0.06 28.2 ± 0.7 0.55 2.0 5.72 ± 0.08 95.1 
0.1 27.2 ± 0.8 0.63 2.3 5.74 ± 0.04 95.5 
0.3 25 ± 1 1.08 4.3 5.70 ± 0.05 94.8 
UitTiO3 + 0.5 molo/o BaO 
o· 28 ±3 3.29 11.6 5.63 ± 0.03 93.6 
0.06 60±4 3.98 5.3 5.70 ± 0.05 94.8 
0.1 56 ±2 1.81 3.2 5.68 ± 0.03 94.5 
0.3 58 ±2 1.29 2.2 5.68 ± 0.03 94.5 
CI: confidence interval, RA: relative accuracy 
* grain size measurements for matrix grains and do not account for the abnormally large or small grains 
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Figure 4.10: Average grain size as a function of silver concentration 
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Figure 4.11: pas a function of silver concentration for BaTiO3 (e), BaTiO3 + 0.5 mol¾ BaO (V) 
and BaTiO3 + 0.5 mol¾ TiO2 
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Figure 4.12: SEM of thermally etched BaTiO3 microstructure 
-
Figure 4.13: SEM of thermally etched BaTiO3 + 0.06 mol¾ Ag microstructure 
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Figure 4.14: SEM of thermally etched BaTiO3 + 0.06 mol¾ Ag microstructure showing local cluster 
of small grains 
Figure 4.15: SEM of thermally etched BaTiO3 + 0.1 mol¾ Ag microstructure 
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Figure 4.16: SEM of thermally etched BaTiO3 + 0.3 mol% Ag microstructure 
Figure 4.17: SEM of thermally etched BaTiO3 + 0.5 mol% TiO2 microstructure 
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Figure 4.18: SEM of thermally etched BaTiO3 + 0.5 mol¾ TiO2 + 0.06 mol¾ Ag microstructure 
Figure 4.19: SEM of thermally etched BaTiO3 + 0.5 mol¾ TiO2 + 0.1 mol¾ Ag microstructure 
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Figure 4.20: SEM of thermally etched BaTiO3 + 0.5 molo/o TiO2 + 0.3 molo/o Ag microstructure 
Figure 4.21: SEM of thermally etched BaTiO3 + 0.5 molo/o BaO microstructure 
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Figure 4.22: SEM of thermally etched BaTiO3 + 0.5 mol¾ BaO + 0.06 mol¾ Ag microstructure 
Figure 4.23: SEM of thermally etched BaTiO3 + 0.5 mol¾ BaO + 0.1 mol¾ Ag microstructure 
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Figure 4.24: SEM of thermally etched BaTiO3 + 0.5 mo I% BaO + 0.3 mo I% Ag microstructure 
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CHAPTER 5: DISCUSSION 
5.0 Trend Overview 
From the data presented in Chapter 4, a number of trends can be identified as 
summarized in Table 5.1. Silver additions had little effect on the physical properties of 
stoichiometric BaTiO3. For BaTiO3 compositions with a 0.5 mol% TiO2 excess, there was a 
significant decrease in grain size, the dielectric constant, and density and a minor decrease in 
the Curie temperature and unit cell volume. For BaTiO3 compositions with a 0.5 mol% BaO 
excess, there was a significant increase in grain size and density but a considerable decrease 
in the dielectric constant. There was a minor decrease in the unit cell volume as well. 
T bl 5 1 S a e .. ; .. ,---v o s1 ver e ec s on f ·1 ff1 t a 1 3 ase B T'O b d 'f on compos1 10n 
Property Stoichiometric Excess Ti02 Excess Bao 
Grain Size no effect decrease increase 
Dissipation Factor no effect mcrease no effect 
Dielectric Constant no effect decrease decrease 
Curie Temperature no effect minor decrease no effect 
Density no effect decrease mcrease 
Unit Cell Volume no effect mmor mcrease minor decrease 
In the sections below, these effects will be rationalized in terms of the relevant 
atomistic and microstructural mechanisms that influence these physical properties. Of 
particular importance is the fact that the lattice parameters showed only minor changes with 
the addition of silver. In addition, the chemical analysis and XRF results on the sintered 
sample suggest that the overall silver concentration in the samples is extremely small (less 
than 30 ppm). Therefore, the physical properties must be either: (i) highly sensitive to small 
concentrations of silver, or (ii) strongly influenced by the transitory presence of Ag during 
the sintering process. Even though the concentration of other impurities present in the raw 
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materials are comparable to the upper limit of the silver concentration (see Table 3.2), 
BaTiO3 has proven to be highly sensitive to the presence of dopants. Just 0.8 mol% of 
dysprosium is enough to reduce Tc to room temperature and to raise the dielectric constant 
[2]. 
5.1 Silver Solubility 
In many oxide systems the solubility can be strongly influenced by non-
stoichiometry. From the dielectric, microstructural, and XRD data there is evidence that the 
solubility of silver in BaTiO3 is also dependent on the stoichiometry. For the stoichiometric 
compositions silver solubility appears to be negligible, yet both excess TiO2 and BaO 
compositions appear to promote the incorporation of minute amounts of silver into the 
BaTiO3 lattice. To discover the mechanism behind this an examination of the defect 
chemistry for the excess compositions is required. 
For excess TiO2, Hwang and Han [8] determined that the dominant defect reaction is: 
(5.1) 
Of primary interest is the formation of barium vacancies. On the assumption that silver will 
preferentially substitute for barium, the increase in concentration of barium vacancies would 
greatly enhance the number of available substitution sites. The small increase in cell volume 
might be an indication of the incorporation of silver. 
The dependence of silver solubility on the presence of barium vacancies would also 
account for the lack of silver incorporation in stoichiometric BaTiO3. The formation of 
barium vacancies has been reported to be the least energetically favorable [62]. Therefore 
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their intrinsic concentration would be low and would not substantially contribute to silver 
incorporation. The presence of barium vacancies would be further reduced by the 
background impurity concentration, which is mainly composed of acceptors. Both previous 
studies conducted by Chen and Tuan [43] and lkushima and Hayakawa [52] were made using 
stoichiometric BaTiO3, and they also detected no change in the lattice parameters. In 
addition, lkushima and Hayakawa noted that the resistivity of samples fired in nitrogen 
experienced a minimum resistivity at Ba:Ti = 0.998 (Figure 5.1) [52]. 
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Figure 5.1: Resistivity as a function of nonstoichiometry for BaTiO3 + 0.00lx Ag2O ± x TiO2 (taken 
from lkushima and Hayakawa [52]) 
Consequently, the incorporation of silver would then be limited by the solubility of 
TiO2 in BaTiO3, which is not appreciative (~300 ppm) [8]. This explains the limited silver 
substitution (< 0.06 mol% Ag) for once the solubility limit of TiO2 is reached very few 
barium vacancies will be formed for silver occupation. As a result higher concentrations of 
silver would have no effect on the BaTiO3 crystal structure and, indeed, the lattice parameters 
for excess TiO2 remain constant for increased silver content. 
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A similar mechanism is possible for excess BaO for which the most probable defect 
reaction is: 
(5.2) 
From Equation 5.2 it can be seen that titanium vacancies are formed. While it is known that 
Ca2+ (1.14 A) can occupy the B-site when Ba:Ti ratio is greater than unity, the ionic radius of 
Ag+ (1.29 A) is much greater then for Ti4+ (0.75 A). Therefore it seems unlikely that silver 
can substitute for titanium. Also, it is unclear whether the decrease in cell volume noted for 
these compositions has any relationship to silver incorporation. However, from the defect 
reaction given in Equation 2.10, for every silver ion substituted on a titanium site three 
oxygen vacancies must be formed to maintain charge neutrality. The loss of the large oxygen 
ions (1.26 A) would have a great impact on the lattice and could be the source of the 
observed shrinkage. Again, if silver were to substitute for titanium the solubility of silver 
would be limited by that of BaO, which has a lower solubility limit ( < 100 ppm) then TiO2 
[8, 74]. 
5.2 Grain Growth 
Silver was found to have a substantial effect on the grain growth behavior of BaTiO3 
especially for the nonstoichiometric compositions. First, excess TiO2 compositions 
experienced a dramatic decrease in grain size with the addition of silver along with the 
complete disappearance of abnormal grain growth. It can be concluded that silver is 
reducing the grain boundary mobility (Mh) and acting as a grain growth inhibitor. In the past, 
grain growth inhibition has been attributed to a number of causes for acceptor dopants. For 
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example, research conducted by Ceh and Kolar [75] on the doping of Ca2+ into BaTiO3 
determined that the formation of a second phase (Ba3Ca2 ThO9) along the grain boundaries 
was responsible for grain boundary pinning. Another study by Rahaman [76] postulated that 
the solute drag effect was the cause of grain growth inhibition for Co2+ dopants. 
It is unlikely that the mechanism observed by Ceh and Kolar is occurring in this case. 
First, no secondary phases were detected along the grain boundaries by SEM in any of the 
sintered samples. Still, this is not conclusive as they may have been present during 
microstructural evolution. Also the original concentration of silver used was extremely small 
and the firing temperature very high. Nonetheless, if Mb was reduced by insoluble silver in 
the grain boundaries one would expect to see a reduction in grain size for all compositions 
with grain size decreasing with increasing silver content. This does not occur until a much 
higher silver concentration(> 0.3 wt% Ag) as noted by Chen and Tuan in Figure 2.1 [43]. 
Examination of the solute drag effect gives a more likely explanation. In this 
phenomenon dopant ions segregate to the grain boundaries typically in a nonuniform 
distribution. As the grain boundary moves, the dopant concentration around the grain 
boundary becomes asymmetrical and exerts a drag force on the grain boundary thus 
impeding grain growth [38]. According to the Cahn model [77], Mb is dependent on the 
diffusivity of the dopant ion (D), the concentration of the dopant ion in the grain boundary 
(C) and the temperature (T): 
D M ~-
b ~ kTC (5.3) 
where k is the Boltzman constant. Because of the low solubility, no diffusion studies of 
silver into BaTiO3 have been performed. However, barium is reported to have the slowest 
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self-diffusion rate due to its large ionic radius and the tight packing of the perovskite 
structure [16]. Therefore it could be expected that DAg would be also be small and would 
account for the reduction of Mb even though the concentration of soluble silver is very low. 
This hypothesis is further strengthened by a study conducted by Chiang and Takagi [78] who 
noted that, for BaTiO3, acceptor ions have a strong tendency to segregate to the grain 
boundaries (Figure 5.2). Thus it would be expected that Ag1Ba would concentrate at the grain 
boundaries and contribute to the solute drag effect. Furthermore, the reduction of Mb would 
explain the decrease in density observed for BaTiO3 with excess TiO2 above 0.06 mol¾ Ag 
as the solute drag effect would diminish the effectiveness of the liquid phase sintering. 
Ti-rich grain boundary 
{ Tigb' Ti~·b, or Vo and v;([Vo'I > [v;J)} 
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Figure 5.2: Proposed model for grain boundary segregation of charge carries for BaTiO3 (taken from 
Chiang and Takagi [78)) 
Unlike excess TiO2, excess BaO compositions show an increase in grain size and 
complete suppression of the small abnormal grains and large porous cavities with the 
addition of silver. Tradition states that a dopant that increases the concentration of the rate-
controlling species should enhance grain growth [38]. As self-diffusion is closely linked to 
vacancy diffusion, examination of the diffusion activation energies listed in Table 2.1 
50 
indicates that the rate-controlling species are the cations, especially titanium. Thus a rise in 
the cation vacancy population should result in larger grains. However, silver incorporation 
does not add to the cation vacancy population. In fact it does the complete opposite and 
increases the amount of oxygen vacancies. Then again, anomalous grain growth behavior 
has been repeatedly reported for donor dopants [2, 9, 19, 76, 71]. 
Below a critical dopant threshold, usually around 0.5 at%, donor doped BaTiO3 exhibits 
semiconducting behavior and normal grain growth. Once the dopant threshold is exceeded, 
the material becomes insulating and a drastic decrease in grain size ( ~ 1 µm) is observed. The 
semiconductor-insulator transition has been attributed to a shift in the defect compensation 
mechanism from electronic to ionic [9, 79]. For example, BaTiO3 doped with Nb5+ below 
the doping threshold would be compensated by electrons: 
Nb2O5 +2Nb~i +600 +½02 +2e1 (5.4) 
while above the doping threshold the mechanism is titanium vacancies: 
BaTiO3 + 2Nb2O5 + 4BaO 5BaBa + 4Nb~i + v;t + 1500 + TiO2 (5.5) 
From the customary viewpoint, the rise in titanium vacancies above the doping 
threshold should result in enhanced grain growth, but as already mentioned, the reverse 
occurs. Because of this it has been proposed that the production of cation vacancies or 
consumption of oxygen vacancies is responsible for the inhibition in grain growth [76, 9]. 
Although no mechanism for this has been submitted, support for this theory has been based 
on the fact that when acceptors are added for donor compensation normal grain growth 
occurs. 
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If this theory were correct, it could explain the larger grain size seen in the excess BaO 
compositions. Assuming silver substitutes on the titanium site, for every incorporated silver 
ion the result would be the introduction of a large number of oxygen vacancies and the 
simultaneous elimination of a titanium vacancy. However, no direct evidence for this 
hypothesis is available at this time. 
Another possibility is the development of a sliver flux with the excess BaO although 
such a compound is unknown. Like the liquid phase sintering that occurs when excess TiO2 
is added to BaTiO3, the flux would aid in the densification process and promote grain 
growth. As the pellets do become denser when silver is added this possibility must be 
considered. Silver fluxing alone does not provide enough of an explanation, as its effects 
should also appear in the other compositions. However, it could be a contributing factor. An 
alternative option could be that silver influences the surface diffusion. A decrease in the 
surface diffusion would reduce the pore size, which would increase pore mobility [38]. This 
encourages densification and grain growth by lowering the amount of pore drag exerted on 
the grain boundaries. This supposition is supported by the disappearance of the large porous 
cavities with the addition of silver. Finally, silver could alter the grain boundary energy, or it 
could be manipulating several of these factors at once. Further study is required to isolate the 
mechanism behind the enhanced grain growth in excess BaO. 
In comparison to the excess compositions, the grain size of stoichiometric BaTiO3 
remains constant except for the anomalous decrease observed at 0.06 mol% Ag. As the 
solubility of silver is insignificant for stoichiometric BaTiO3, solute drag cannot be an issue. 
The clusters of small grains seen at this silver level indicate the presence of local 
nonstoichiometry perhaps due to an error in processing. At this time the cause of this 
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anomalous behavior is unknown but is believed to be due to experimental error. The stable 
grain size for the other silver concentrations is in accordance with silver's lack of interaction 
with stoichiometric BaTiO3. 
5.3 Dielectric Response 
Examination of the dielectric measurements reveals that silver has little effect on the 
electronic properties of stoichiometric BaTiO3 except for an increase in the space charge 
effect at 0.3 mol% Ag. This lack of impact can be linked to silver's insolubility, which 
would result in the concentration of silver along the grain boundaries where much of it would 
be lost upon sintering due to silver vaporization along the grain boundaries. Chen and Tuan 
[ 42] reported that the typical grain boundary diffusion length of silver in BaTiO3 was 100-
300 µm. This would account for the appearance of the "depletion" zone observed in the 0.3 
mol% Ag samples. As the silver content increases more would become trapped along the 
grain boundaries causing the increase in the space charge effect and the dark gray 
discoloration. However, silver closer to the surface would be able to diffuse out of the pellet 
allowing the retention of the normal tan color. 
The dielectric response for excess TiO2 compositions, on the other hand, does show an 
influence by the presence of silver. First, there is a downward shift of Tc possibly resulting 
from the incorporation of silver into the perovskite crystal structure. Such a shift is a 
common occurrence for dopants [16] and generally arises from a decrease in the tetragonality 
of the unit cell, which is also observed for excess Ti 0 2• 
Second, there was a decrease in Krm, which is not correlated to the effects of grain size 
on the ferroelectric domains in BaTiO3. Generally, the dielectric constant decreases as the 
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grain size increases due to the decreased intergranular stress (shown in Fig. 1. 10). From this 
effect one would expect Krm to increase. Of greater importance is the reduction in density 
observed with rising silver content. Because air has a very low dielectric constant (K ~ 1) 
compared to BaTiO3, an increase in the porosity would cause a significant drop in the 
dielectric constant. To test this idea, the empirical formula used to calculate the basic effect 
of a mixture of phases on the dielectric constant was utilized with the excess TiO2 
composition with no silver addition serving as a reference point [2]: 
In Km = L vfi In Ki (5.6) 
where Km is the dielectric constant of the mixture, V fi is the volume fraction of the ith phase 
and Ki the dielectric constant of the ith phase when it is 100% dense. From Figure 5.3 it can 
be seen that the measured data follows the same basic trend as the calculated values. The 
lower values for the measured data compared to the calculated is likely due to enclosed 
porosity which cannot be measured by the Archimedes method. 
Finally, for excess TiO2, there was a modest increase in tan cS possibly signifying the 
presence of charged defects. This could be the result from the increase in the space charge 
effect along with the likely tendency for Al Ba to segregate to the grain boundaries. 
BaTiO3 compositions with excess BaO exhibit less of a dependence on the presence 
of silver. Similar to stoichiometric Ba Ti 0 3, Tc remains constant. The space charge effect is 
also not as apparent, and in fact, tan Orm demonstrates a slight decrease. This suggests that 
silver is not as free to polarize compared to the other compositions. The reasons for this are 
unclear. It would be expected that Al1\i would have an incredibly low mobility due to the 
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Figure 5.3: Km as a function of percent density for BaTiO3 + 0.5 mol% TiO2 compositions where (V) 
represents the measured values and (e) the calculated values 
perovskite structure should be as mobile as that in the stoichiometric compositions. As the 
solubility of silver in excess BaO is very small, it is unlikely that enough silver has been 
incorporated into the bulk material to significantly deplete the amount of silver present in the 
grain boundaries. 
On the other hand, there is a significant drop in Krm. From the increase in tetragonality, 
it would be expected that Krm would increase. A similar result would be predicted from the 
rise in density. However, the disappearance of the small abnormal grains would cause a 
decrease in Krm due to the grain size effect. Because the size of the small grains was on the 
order of a few microns, their loss would have a profound consequence on the dielectric 
constant and is believed to be the primary cause of the reduction in Krm. 
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For both the stoichiometric and excess TiO2 compositions, at high silver concentrations 
( ~ 0.3 mol% Ag) a strong dispersion in K was observed at high temperatures an example of 
which is shown in Figure 5.4. This is a strong indication of temperature activated space 
charge polarization. At these high silver concentrations, it is likely that the silver 
concentration at the grain boundary is significant. The excess BaO also exhibits some 
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Figure 5.4: Kasa function of temperature for BaTiO3 + 0.3 mo1% Ag; (e) 0.12 kHz, (0) 1 kHz, 
(T) 10 kHz, (V) 100 kHz 
5.4 Conclusion 
To summarize, the following conclusions can be made about the effects of silver 
additions on BaTiO3: 
1. The interaction of silver with BaTiO3 is highly dependent on stoichiometry. 
2. The solubility of silver in stoichiometric BaTiO3 is negligible. 
3. The solubility of silver in BaTiO3 with excess TiO2 or excess BaO is less than 
0.06 mol% Ag. 
4. Silver inhibits grain growth and suppresses the formation of large abnormal 
grains in BaTiO3 with excess TiO2. 
5. Silver enhances grain growth and eliminates the formation of small abnormal 
grains and large porous cavities in BaTiO3 with excess BaO. 
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6. The dielectric response of stoichiometric BaTiO3 is not affected by silver except 
for an increase in the space charge effect. 
7. Silver decreases Tc and Krm and increases tan Orm and the space charge effect for 
BaTiO3 with excess TiO2. 
8. Silver does not affect Tc but decreases Krm and tan Orm for BaTiO3 with excess 
BaO. 
Future work in this area should include studies on grain growth kinetics especially for 
the excess BaO compositions. Also, because the assumed incorporation mechanisms for 
silver require compensation by oxygen vacancies, conductivity studies as a function of 
oxygen partial pressure would be enlightening. In the same vein, tests of the degradation 
resistance would provide valuable information as well, as oxygen vacancies are the primary 
cause of this phenomenon. Finally, diffusion studies of silver into BaTiO3 are in order as 
research in this area is severally lacking. 
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Figure A2: tan o as a function of temperature for BaTiO3; C•) 0.12 kHz, (0) 1 kHz, (T) 10 kHz, 








20 40 60 80 100 120 140 160 
Temperature (°C) 
Figure A3: Kasa function of temperature for BaTiO3 + 0.06 mo1% Ag; (e) 0.12 kHz, (0) 1 kHz, 

















Figure A4: tan o as a function of temperature for BaTiO3 + 0.06 mol% Ag; (e) 0.12 kHz, (0) 1 kHz, 
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Figure A5: Kasa function of temperature for BaTi03 + 0.1 mol% Ag; (e) 0.12 kHz, (0) 1 kHz, 
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Figure A6: tan o as a function of temperature for BaTi03 + 0.1 mol% Ag; (e) 0.12 kHz, (0) 1 kHz, 
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Figure A7: Kasa function of temperature for BaTiO3 + 0.3 mol% Ag; (e) 0.12 kHz, (0) 1 kHz, 
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Figure A8: tan o as a function of temperature for BaTiO3 + 0.3 mol% Ag; (e) 0.12 kHz, (0) 1 kHz, 
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Figure A9: Kasa function of temperature for BaTiO3 + 0.5 mol% TiO2; (e) 0.12 kHz, (0) 1 kHz, 
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Figure Al0: tan o as a function of temperature for BaTiO3 + 0.5 mol% TiO2; (e) 0.12 kHz, (0) 1 









20 40 60 80 100 120 140 160 
Temperature (°C) 
Figure Al 1: Kasa function of temperature for BaTiO3 + 0.5 mol¾ TiO2 + 0.06 mol¾ Ag; (e) 0.12 
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Figure A12: tan o as a function of temperature for BaTiO3 + 0.5 mol¾ TiO2 + 0.06 mol¾ Ag; (e) 
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Figure A13: Kasa function of temperature for BaTiO3 + 0.5 mol¾ TiO2 + 0.1 mol¾ Ag; (e) 0.12 











20 40 60 80 100 120 
Temperature (DC) 




Figure Al 4: tan o as a function of temperature for BaTiO3 + 0.5 mol¾ TiO2 + 0.1 mol¾ Ag; (e) 
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Figure A15: Kasa function of temperature for BaTiO3 + 0.5 mol¾ TiO2 + 0.3 mol¾ Ag; (e) 0.12 
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Figure A16: tan o as a function of temperature for BaTiO3 + 0.5 mol¾ TiO2 + 0.3 mol¾ Ag; (e) 
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Figure Al 7: Kasa function of temperature for BaTi03 + 0.5 mol% Ba0; (e) 0.12 kHz, (0) 1 kHz, 
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Figure A18: tan o as a function of temperature for BaTi03 + 0.5 mol% Ba0; (e) 0.12 kHz, (0) 1 
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Figure A19: Kasa function of temperature for BaTiO3 + 0.5 mol% BaO + 0.06 mol% Ag; (e) 0.12 
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Figure A20: tan o as a function of temperature for BaTiO3 + 0.5 mol% BaO + 0.06 mol% Ag; (e) 
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Figure A21: Kasa function of temperature for BaTiO3 + 0.5 mol% BaO + 0.1 mol% Ag; (e) 0.12 
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Figure A22: tan o as a function of temperature for BaTiO3 + 0.5 mol% BaO + 0.1 mol% Ag; (e) 
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Figure A23: Kasa function of temperature for BaTiO3 + 0.5 mol¾ BaO + 0.3 mol¾ Ag; (e) 0.12 
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Figure A24: tan o as a function of temperature for BaTiO3 + 0.5 mol¾ BaO + 0.3 mol¾ Ag; (e) 
0.12 kHz, (0) 1 kHz, (T) 10 kHz, (V) 100 kHz. 
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APPENDIX B: XRD SCANS 
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Figure B9: XRD scan of BaTiO3 + 0.5 mo I% BaO. Tungsten peaks are indicated by ( • ). 
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